The crystal-melt partitioning behaviour of a suite of trace and economically important elementsLi, Sc, V, Mn, Ni, Cu, Zn, Ga, Rb, Sr, Y, Zr, Nb, Mo, Sn, Ba, Hf, W and Pb-has been investigated experimentally under fluid-saturated conditions for rhyodacitic melts from a natural volcanic sample from Mt. Usu, Japan. Homogeneous starting glasses were doped with some of these trace elements, and aqueous solutions buffered the F and Cl concentrations in the melts and coexisting fluids. The partitioning of these trace elements between amphibole, plagioclase, clinopyroxene and melt was investigated at conditions of 810-860 C, 1Á5-4Á05 kbar and oxygen fugacity (ƒO 2 ) % NNO -0Á5 to NNO þ2 log units. The trace element contents of the product phases were measured by laser ablation mass spectrometry. Over the duration of the experiments, Cu was depleted from the melt by diffusive loss to the walls of the pure Au capsules; thus some capsules were pre-saturated with $4 wt % Cu through electroplating and annealing prior to the experiment. The results of 24 experiments show that all analysed trace elements appear to obey Henry's Law partitioning; the Nernsttype crystal-melt partition coefficients for these elements range from strongly incompatible (e.g. (0Á07 6 0Á02). The data show that fractionation of amphibole, clinopyroxene, and plagioclase should be an efficient mechanism for enrichment of Li, Cu, Mo, W and Pb in sulfide-poor rhyodacitic melts, with moderately to strongly incompatible D mineral/melt values for these elements in all three phases. Conversely, Mn, Zn and Sn will be depleted by extensive amphibole and clinopyroxene crystallisation, given average D mineral/melt values >2 for these metals. Of all the elements investigated, only Ga and Sr show compatible partitioning (D mineral/melt ! 1) in favour of plagioclase. Relative to major element substitution controls and variations in melt chemistry (in particular the molar ratio of Al 2 O 3 / (CaOþNa 2 OþK 2 O) and halogen contents), the narrow range in temperature, pressure, and ƒO 2 of these experiments appears not to affect trace element partitioning behaviour strongly. However, V partitioning between amphibole, clinopyroxene and melt shows a strong dependence on experimental ƒO 2 , becoming more compatible in amphibole and clinopyroxene crystallised in more reduced experiments with concurrent lower crystal Mg/MgþFe TOT 
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INTRODUCTION
The aim of this study is to better understand and contrast the crystal-melt partitioning behaviour of several economically important trace elements, including Li, Mn, Cu, Zn, Mo, Sn, W and Pb, during the fluid-saturated crystallisation of F-and Cl-doped experimental melts generated using a natural rhyodacite from Mt. Usu, Japan. In particular, variations in crystal-melt trace element partitioning are investigated as a function of varying experimental temperature, pressure, oxygen fugacity (ƒO 2 ), melt chemistry and changing phenocryst composition. The results of these experiments are a further expansion of the discussion by Iveson et al. (2017) , in which the full mineral-meltfluid partitioning behaviour of F and Cl, and the major controls on phenocryst composition, are presented.
There is a continually expanding database of crystalmelt partition coefficients that are derived from crystallographic models, experimental petrology, and those determined through the in-situ analysis of natural phenocryst-glass pairs. These data span a range of anhydrous and hydrous magma types, from basalts to high silica rhyolites to alkaline phonolites, and include phenocryst phases that are typical of these systems (e.g. Blundy & Wood, 1994; Wood & Blundy, 2002; Marks et al., 2004; Bé dard, 2006; Zajacz & Halter, 2007; Simon et al., 2008; Severs et al., 2009; Smith et al., 2009; Brophy et al., 2011; Olin & Wolff, 2012 , Dohmen & Blundy, 2014 and references therein; Liu et al., 2015; Nandedkar et al., 2016; Hsu et al., 2017) . However, given the major element diversity and solid solution behaviour of many of these crystal phases (e.g. Coogan, 2011) and melt structural controls such as degree of polymerisation (Mysen, 2004) , there are multiple combined controls on the crystal-melt partitioning behaviour of trace elements. There have been few experimental studies investigating these influences in natural rhyodacitic melts that contain total volatile contents and volatile species, and multiple crystal phases (e.g. amphibole, clinopyroxene, plagioclase), typical of intermediate-silicic calc-alkaline magmas. Natural intermediate-silicic arc magmas are known to form through open-system processes including crustal melting, magma mixing and hybridisation, and fluid degassing (e.g. Humphreys et al., 2010; Millet et al., 2014) , and so their total volatile contents and components can vary significantly (Wallace, 2005) . Some volcanoes, such as Augustine, AK, USA are especially Cl-rich, with over 5000 ppm Cl measured in melt inclusions (Tappen et al., 2009; Webster et al., 2010) , whilst high F concentrations (>1 wt %) have been recorded in examples of highly fractionated magmas (see Zajacz, 2018 and Webster et al., 2018 for a complete summary of relevant data). It has been shown that the geochemistry of amphibole specifically is an excellent tool for tracing the evolution of such magmatic volatiles and fluids related to ore deposition (Humphreys et al., 2009; Chambefort et al., 2013) and magma ascent processes (Browne & Gardner, 2006; Rutherford & Devine, 2008) , hence our particular focus on the controls of trace element incorporation in this phenocryst phase.
Importantly, the preferential partitioning of trace and ore metals between phenocrysts, melt, and mobile fluid phases exsolved from degassing silicate magmas in the crust is also a key process during magmatic differentiation, and can lead to the formation of economic metal deposits (Hedenquist & Lowenstern, 1994; Richards, 2011 and references therein; Wilkinson, 2013) . Similarly, the recognition of trace element concentrations preserved in erupted crystals that exceed those predicted by existing partitioning models suggests trace element transport and late-stage enrichment by mobile fluid phases may be common in arc volcanic systems (Berlo et al., 2004; Kent et al., 2007; Rowe et al., 2008; Blundy et al., 2010) . The systematic experimental approach employed here allows for a comparison of the new data to previous partitioning studies and a re-evaluation of the role that phenocrysts may play in the sequestration, release, and transport of trace elements in shallow magmatic systems (e.g. Johnson et al., 2013) . Furthermore, where textural evidence of mineral-melt disequilibrium is absent (e.g. resorbed crystal boundaries or breakdown reaction rims), trace element concentrations (alongside isotopic constraints, e.g. Davidson et al., 2007) may be a better indication of the antecrystic origins of a phenocryst population, and this may be particularly applicable to arc magma production (e.g. Humphreys et al., 2006; Laumonier et al., 2014 and references therein) .
The convention used in this investigation is that for an element i, the Nernst-type partition coefficient is calculated by:
where D i is the partition coefficient for element i between the mineral phase and melt phase, and C mineral i and C melt i are the concentrations of element i in those phases, respectively, (in weight percent or parts per million) coexisting at equilibrium (Beattie et al., 1993) . All errors reported on the partition coefficients were calculated through error propagation accounting for the standard deviation on the analyses of the glasses and phenocrysts, e.g. the concentration of Li measured in amphibole was averaged for each experiment and normalised to the average Li concentration of the corresponding glass, and the error calculated from the standard deviations of these concentrations.
EXPERIMENTAL METHODS

Preparation of starting materials
Metal-bearing aqueous solutions, made with reagent grade chemicals and doubly-distilled water, were prepared and added to Au 80 Pd 20 capsules along with the powdered Mt. Usu rhyodacite sample. The $anhydrous starting powders and solutions were doubly-fused in a steel-walled internally heated pressure vessel (IHPV) at the American Museum of Natural History (AMNH), NY, at 1050 C, 2Á2 kbar and log ƒO 2 % NNO þ2Á0 for a total of $160 hours. The resultant rhyodacitic glasses (Table 1) were doped to varying trace element concentrations ranging from $35 parts per million (ppm) Mo, $100 ppm W and $100 to 550 ppm Li (added as Li 2 MoO, Li 2 WO, and LiNO 3 ), $150 to 650 ppm Zn (added as ZnCl 2 ) and $1000 to 1800 ppm Mn (added as Mn(NO 3 ) 2 Á4H 2 O). The nitrates decompose at run temperature, releasing a negligible amount of N 2 that is the only stable nitrogen species under Ni-NiO redox conditions (Holloway & Reese, 1974) . All other trace elements were present in natural abundances, ranging from $4 ppm (Hf) to $400 ppm (Ba) ( Table 1 ). The full procedure for preparation of the hydrous starting glasses used in these experiments is documented in Iveson et al. (2017) .
There is a known issue that arises when attempting to investigate the behaviour of Cu in experimental studies using pure Au and AuPd capsule materials: the almost total loss of the Cu from the melt to the capsule metal over very short run durations e.g. Zajacz et al. (2011 ), Liu et al. (2015 and Hsu et al. (2017) . This loss of Cu is consistent with diffusion experiments by Ni et al. (2017) showing that Cu diffuses faster than both H 2 O and Cl in rhyolitic melts containing 6 wt % water. To negate this problem, Cu-bearing Au capsules (ca. Au 96 Cu 4 ) were produced through an electroplating method similar to that employed by Zajacz et al. (2011) . A saturated CuSO 4 solution was produced with reagent grade CuSO 4 Á5H 2 O, and pure Cu tubing used as the anode. A voltage of 0Á45 V and current of 0Á1 A was applied across the anode and cathode, i.e. the Au capsule, for 20 minutes, in order to plate the inner and outer surfaces of the Au capsule with Cu. The Cu-plated capsule was then removed from the solution, cleaned, dried and annealed at 850 C in a graphite crucible with a graphite lid, further surrounded by a ceramic crucible with a lid, for 24 hours. The mass was recorded prior to and after the annealing process to confirm no oxidation of the Cu plating had occurred. Similarly to the other starting glasses, a Cu-bearing starting glass was then doubly fused in this AuCu capsule material, with the AuCu alloy serving as a source of Cu to the melt (Table 1) .
There also exists the strong potential for Sn and Ni to alloy with the Au and AuCu capsule materials (Bhalla et al., 2005; Matzen et al., 2013) , potentially explaining the low concentrations seen in the residual glasses and leading to larger errors on the calculated partition coefficients (discussed later). Therefore, whilst the apparent partitioning behaviour of Sn and Ni are discussed in the following sections, we recommend that these experimental data are applied with caution, as we did not attempt to minimise loss of these two metals from the melt at run conditions.
Preparation of experimental capsules
Pure Au, Au 75 Pd 25 , or ca Au 96 Cu 4 alloy capsules 1Á5-3Á0 cm in length were cleaned and welded shut using a PUK-3 tungsten-tipped gas flow arc welder. Varying masses of distilled water, aqueous alkali-chloride 6 alkali-sulfate 6 oxalic acid solutions 6 CaF 2 powder, and starting glass powders were added to the capsules. The combined mass of all of the components were recorded, and the capsules heated at $120 C for 1 hour. Once removed, if the capsule showed mass losses of >1 mg it was discarded and not used.
All experimental Cu partitioning data discussed in this investigation are derived from runs conducted in the Au 96 Cu 4 capsule material, and we do not include data from runs where Cu was depleted by diffusion into the Au or Au 75 Pd 25 capsules. All crystal phases and residual glasses from experiments conducted in non-Cu buffered capsule materials show Cu concentrations consistently close to the detection limit of the LA-ICP-MS (<1 ppm), and thus including these data points in the calculations causes erroneously high or negative D mineral=melt Cu values, with significant scatter.
Experimental conditions and processing of run products
These partitioning experiments were performed in the IHPV at the AMNH, with temperatures ranging from 810 to 860 C, pressures ranging from 1Á5 to 4Á05 kbar, ƒO 2 % NNO -0.5 to NNO þ2 log units, and total durations of 312 to 671 hours (Table 2) . Experimental conditions were selected based on previous phase equilibria studies with similar melt compositions (e.g. Cottrell et al., 1999; Venezky & Rutherford, 1999) in which amphibole þ plagioclase 6 clinopyroxene were stable, and to best reflect the environment of mid-to upper-crustal magma storage systems.
To promote faster equilibration between the melt and fluid phases, the capsules were initially held at the run pressure and 950 C for 24 hours, before reduction to the reported run temperature and daily cycling 6
20
C to promote crystal growth. Following completion of the experiment, the capsules were checked for mass loss during the run. If a there was a negligible change (< 1 mg), the capsules were opened, the crystalline run products were extracted and solid chips mounted and polished in epoxy resin, carbon-coated for electron microprobe analyses, and the C-coat removed for laser ablation ICP-MS analysis (Fig. 1) .
ANALYTICAL METHODS
Electron probe microanalysis (EPMA)
Backscattered electron imaging and EPMA determination of the major and minor element compositions of the experimental products were performed at the GeoAnalytical Laboratory at Washington State University, using a JEOL JXA-8500F electron microprobe. A 15 kV, 10 nA, and 10 lm beam were used for glass analyses, whereas a 2 lm diameter beam was used for crystal analyses. Halogen concentrations were measured in the same analysis location, using a 50 nA beam current and extended counting times to improve analytical precision. Full details of the analytical procedure, calibration standards, and methods employed to process the data are given in Iveson et al. (2017) .
Laser ablation ICP-MS analysis (LA-ICP-MS)
Trace element analyses of all experimental run products were conducted on an Agilent 7700 ICP-MS coupled to a 193 nm New Wave Excimer laser ablation system at the Mass Spectrometry Centre of the University of Auckland, New Zealand, following the methodology of Norling et al. (2016) . Spot analyses were conducted in the same locations as the EPMA analyses, and general analytical conditions employed laser spots 75 lm in diameter for the glasses, and between 75 and 20 lm spots for the phenocryst phases ( Fig. 1) , with He used as the sweep gas. Laser pulse rates of 4 or 5 Hz were employed and 40 seconds of background signal was collected prior to each ablation time of 60 seconds. The absolute concentrations were quantified using the major element EMPA data of the same run products, and corrected for the ablation yield differences between and during individual analyses on both standards and experimental samples. Repeat analyses of the USGS standard GSD-1G glass showed relative standard deviations of less than 5% and a sub-ppm detection limit for the majority of the analysed elements (Supplementary Data Appendix 1; supplementary data are available for downloading at http://www.petrology. oxfordjournals.org). The raw data were also carefully processed to ensure that any analyses which inadvertently encountered glass or other crystal phases below the polished surface, and hence were a contaminated analysis, were not included in the results.
RESULTS
The full treatment of the experimental phase equilibria and the behaviour of major, minor and halogen components in the melt, phenocryst and fluid phases is available in Iveson et al. (2017) and will not be reiterated here. However, a summary of these results that is relevant to the later discussion sections on trace element partitioning and correlations with melt chemistry and/or mineral compositions is given below. 
*Elements deliberately increased in concentration via fusion of the raw dacite powder with metal-bearing solutions. †
Copper was doped in glass 1-16-20 through fusion in a ca. Au 96 Cu 4 capsule alloy. All of the 24 experimental run products contain residual, hydrous rhyodacitic glass and Fe-Ti oxides, with euhedral amphibole, clinopyroxene and platy-elongate plagioclase phenocrysts present in various modal proportions (Fig. 1, Table 2 ). The major element compositions of the phenocryst phases are consistent with those expected and documented in natural hydrous calc-alkaline magmas: magnesio-hornblende and tschermakitic amphibole, Mg-rich clinopyroxene, and labradorite-andesine plagioclase. Overall, the melt and phenocryst components which vary most strongly are FeO and the halogens (as a result of varying masses of Cl-bearing fluids and CaF 2 powder added to the starting capsule materials). Total Cl contents in the melts range from $130 ppm to 0Á72 wt % and total F in the melt ranges from 100 ppm to 0Á63 wt %. The imposed ƒO 2 conditions exert the largest control on the behaviour of Fe, with relatively increased FeO concentrations in the melt developed under more reducing ƒO 2 conditions (ƒO 2 < NNO þ1) and generally correlating with increased melt Cl concentrations. The addition of F to the melt strongly shifts the crystallised amphibole to more F-rich and thus Cl-poor compositions, and to more Mg-rich compositions as a function of Mg-Cl and Fe-F crystallographic avoidance. The clinopyroxene and plagioclase phenocrysts are insensitive to variations in melt halogen contents, but lower FeO contents are found in plagioclase crystallised under lower ƒO 2 -14-05, with (d) showing the locations of the 75 lm laser ablation analysis pits in RL. The crystal boundaries are outlined for clarity on both RL images, to illustrate that the LA-ICP-MS spots are wholly within the crystal exposed at the surface.
conditions. Chlorine also preferentially partitions into the co-existing volatile phase relative to the melt in these fluid-saturated experiments and mass balance constraints suggest S also strongly partitions into the fluid phase in the four experiments where S was added (although its behaviour can be affected by its high alloying potential with the precious metal capsule; Iveson et al., 2017) .
Trace element concentrations of experimental run products
The absolute abundances of trace elements in the residual melt and phenocryst phases are a function of the dopant concentration in the initial starting powders (Table 1 , Supplementary Data Appendices 2, 3, 4, and 5). For example, crystals grown from starting powders doped with Li and Zn contain commensurately higher Li and Zn concentrations, regardless of any variations due to changing experimental conditions or phenocryst chemistry. Therefore, intra-experimental comparisons of total trace element concentrations for doped elements do not yield useful data, and it is more convenient to discuss mineral-melt partition coefficients, as in the following sections. However, the full concentration data are summarised in Table 3 , such that first-order variations in trace element concentrations between crystal phases grown from the same or similarly doped starting glasses can be observed.
Experimental mineral-melt trace element partition coefficients
There are some broad trends that can be seen in the experimental mineral-melt partitioning data (Fig. 2 , Table 4 ). Firstly, the averages and ranges in partition coefficients for most of the trace elements investigated are similar in both amphibole and clinopyroxene, with most elements behaving slightly more compatibly in amphibole. Furthermore, the partition coefficients for Li, Cu, Rb and Mo are very similar in all three phases, and are moderately to strongly incompatible (D mineral/ melt values < 0Á5). Whilst several elements show strongly compatible behaviour during amphibole and clinopyroxene crystallisation, Ga and Sr are the only two trace elements that show D plag/melt values > 1 (i.e.
slight-moderate compatibility) in favour of plagioclase in these melts. Most of the trace elements have relatively small ranges across all of the crystals analysed, suggesting they are largely insensitive to experimental temperature, pressure, and range in ƒO 2 , e.g. Li, Mn, Cu and Zn. Other elements such as V show larger ranges, some of which can be attributed to changes in major element composition, as discussed in the following sections. Scandium, V, Ni, and Sn are generally strongly compatible in amphibole and clinopyroxene (with D mineral/melt values > 10), despite the large ranges. However, some of the variation may also be attributed to the very low concentrations of Ni and Sn (<3 ppm) in the starting and final glasses (Table 1, Table 3 , Supplementary Data Appendix 2), and thus analytical uncertainty and small measured variations lead to larger variability and calculated errors on the apparent partition coefficients.
DISCUSSION
Run product crystallinity and apparent vs true D mineral/melt values
Prior to discussion of the calculated partition coefficients, some treatment of the apparent (i.e. measured) vs true (i.e. equilibrium) D mineral/melt values is required. In these experiments, the compositional homogeneity of the run product crystals results from low degrees of crystallinity (Table 2) . This is because, with the exception of Li, many of the studied trace elements would diffuse less than a few micrometres through amphibole, pyroxene and plagioclase on timescales of the durations of the experiments, at the average experimental temperatures of $850 C (Cherniak, 2010; Cherniak & Dimanov, 2010) . The analysed phenocrysts are 10 s to 100 s of microns in length and width ( Fig. 1 ) and, therefore, the interiors of the phenocrysts (i.e. the earliest formed regions) record equilibrium partitioning with the lowest concentrations of incompatible trace elements in the melt, and conversely the exteriors (i.e. latest formed crystal rims) record equilibrium partitioning with the highest trace element contents in the melt, due to crystal fractionation. However, the spot sizes of the LA-ICP-MS analyses (20-75 lm) used to measure the phenocryst trace element concentrations are too large to resolve any micrometre-scale zonation that might be preserved due to the slow rates of trace element diffusion as crystallisation progressed. We do note that incompatible element-enriched 'boundary layers' in the glass close to crystal rims were not observed in the run product glasses on the spatial resolution of the laser ablation spot, as the glasses are homogeneous in their trace element distribution regardless of the location of the analytical spot.
As a test of the significance of this potential bias, the data can be modelled using the Rayleigh fractionation equation, given the realistic assumptions that equilibrium was maintained between the crystal-melt interface and that internal crystal diffusion was negligible. The final melt composition can be calculated through:
where C final and C initial are the concentrations of a trace element in the final and starting glasses, respectively, F is the melt fraction remaining, and D is the bulk mineral-melt partition coefficient for that specific trace element. Using this equation, we can consider the behaviour of Sr in experiment 1-16-12 A, for example. This experiment crystallised amphibole (7 vol. %), plagioclase (3 vol. %), and Fe-Ti oxides (2 vol. %) ( The data are not filtered by experimental temperature, pressure, imposed ƒO 2 , and/or fluid composition, but are grouped solely by which starting glass was used (refer to 3Á56, and $0 (assumed for Fe-Ti oxdes), respectively, a total melt fraction of F ¼ 0Á88, and C initial ¼ 288 ppm Sr, we calculate that the final melt should contain 286Á99 ppm Sr. This calculated value is within analytical error of the measured final glass concentration, for which Sr ¼ 287Á1 ppm. Strontium can be considered largely fluid-immobile in these systems (e.g. Zajacz et al., 2008) , and thus its concentration in the melt should not be strongly influenced by partitioning into the coexisting Cl-bearing volatile phase that was also present in experiment 1-16-12 A. The good accordance in this specific example between calculated and measured concentrations for melt Sr (a trace element which is moderately incompatible in amphibole but strongly compatible in plagioclase) confirms that the low degrees of crystallisation did not extensively modify the composition of the coexisting liquids and as such we suggest that significant biases on the measured partition coefficients are not introduced by the employed analytical conditions. The analysis of the earliest formed phenocryst interiors will overestimate true D value for compatible trace elements, with increasingly large discrepancies the larger the real D value and the lower the residual melt fraction. Therefore, we note that the D values discussed in the following sections are likely to be maximum limiting values, but given the low degrees of crystallinity they are still a good representation of equilibrium partitioning behaviour. The specific exceptions to this, however, may be Sn and Ni partitioning in favour of amphibole and clinopyroxene. As mentioned previously, these two trace elements both show affinities to alloy with the precious metal capsule walls, and are rapidly depleted in the melts. If the onset of amphibole crystallisation occurs early during the experiment (i.e. during residence at the initial higher experimental temperature) relative to diffusive depletion of these elements from the melt to the capsule alloy, the final apparent D values will be biased towards much larger numbers, even with low degrees of crystallisation. The reader should be aware of this potential experimental bias during the proceeding discussion of partition coefficients.
Comparison with published coefficients
An exhaustive comparison of our new data with all published partition coefficients for all elements in all three phases is not presented; however, the reader is referred to the GERM Partition Coefficient Database (https://earth ref.org/KDD) and the Library of Experimental Phase Relations (http://lepr.ofm-research.org) for other specific data. There are some published studies, however, where the experimental conditions employed and/or compositions of natural mineral-melt samples analysed in those investigations overlap with those of our experimental runs, and thus offer useful comparisons for several elements. The ranges in mineral-melt partition coefficients reported in the literature studies, along with the corresponding reference, are summarised in Table 5 .
Amphibole
Recent experimental data from Nandedkar et al. (2016) provide three sets of amphibole-melt trace element partition coefficients at 890, 860, 830 C, with all experiments at 7Á0 kbar, and ƒO 2 % NNO. Their experiments crystallised pargasitic magnesio-hornblende in synthetic F-, Cl-and S-free dacitic-rhyolitic melts, with similar major element stoichiometry to the amphibole studied in our investigation. Our amphibole partitioning data closely overlap for almost all of the major elements, and generally show median values between the 860 C and 830
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Run ID 1-14-04C 0Á24  0Á01  0Á13  0Á01  0Á18  0Á02  0Á25  0Á03  0Á18  0Á03  0Á23  0Á04  0Á18  0Á03  0Á21  0Á02   D   min=melt  Sc   9Á49  1Á26  10Á61  0Á32  12Á53  1Á93  0Á29  0Á13  9Á32  1Á06  0Á24  0Á10  14Á76  3Á10  0Á42 0Á02 2Á35  0Á03  2Á43  0Á28  3Á42  0Á35  0Á17  0Á05  2Á20  0Á12  0Á13  0Á03  3Á31  0Á27  0Á11  0Á01   D   min=melt  Ga   0Á65  0Á06  0Á52  0Á03  0Á85  0Á08  1Á17  0Á09  0Á76  0Á05  0Á96  0Á17  0Á74  0Á06  0Á97  0Á01   D   min=melt  Rb   0Á03  0Á02  0Á03  0Á01  0Á05  0Á02  0Á03  0Á02  0Á03  0Á03  0Á03  0Á02  0Á04  0Á03  0Á03  0Á01   D   min=melt  Sr   0Á37  0Á01  0Á26  0Á01  0Á29  0Á03  3Á16  0Á28  0Á31  0Á10  3Á11  0Á23  0Á29  0Á06  3Á18  0Á15   D   min=melt  Y   2Á51  0Á03  3Á87  0Á18  4Á10  0Á37  0Á02  0Á01  3Á23  0Á36  0Á02  0Á01  4Á11  0Á59  0Á01  0Á00   D   min=melt  Zr   0Á77  0Á05  0Á89  0Á08  1Á03  0Á16  --0Á71  0Á08  --1Á03  0Á24  --D   min=melt  Nb   0Á41  0Á17  0Á68  0Á08  0Á66  0Á12  0Á01  0Á01  0Á64  0Á08  0Á02  0Á02  0Á87  0Á21  0Á02  0Á03   D   min=melt  Mo   0Á01  0Á01  0Á03  0Á01  0Á08  0Á03  0Á03  0Á03  0Á08  0Á04  0Á04  0Á03  0Á05  0Á02  0Á01  0Á00   D   min=melt  Sn   3Á39  0Á82  --7Á34  1Á28  0Á15  0Á11  5Á92  0Á94  0Á24  0Á15  13Á65  3Á56  0Á04  0Á02   D   min=melt  Ba   0Á13  0Á00  0Á08  0Á01  0Á12  0Á03  0Á22  0Á04  0Á10  0Á04  0Á24  0Á04  0Á12  0Á02  0Á27  0Á02   D   min=melt  Hf   1Á41  0Á27  1Á61  0Á40  1Á36  0Á37  --1Á20  0Á12  --1Á47  0Á40  --D   min=melt  W   0Á01  0Á01  0Á02  0Á01  0Á06  0Á04  --0Á05  0Á04  --0Á04  0Á02  --D   min=melt  Pb   0Á03  0Á02  0Á02  0Á04  0Á08  0Á05  0Á24  0Á10  0Á05  0Á03  0Á24  0Á08  0Á08  0Á03  0Á23  0Á03 (continued) 0Á22  0Á02  0Á22  0Á02  0Á14  0Á01  0Á23  0Á01  0Á29  0Á01  0Á25  0Á01  0Á15  0Á01  0Á22  0Á00   D   min=melt  Sc   9Á10  1Á30  0Á24  0Á06  17Á70  1Á85  0Á19  0Á06  22Á49  0Á88  14Á15  2Á20  16Á58  4Á80  0Á16 0Á01 0Á18  0Á01  0Á22  0Á01  0Á33  0Á04  0Á27  0Á00  0Á21  0Á00  0Á31  0Á01  0Á16  0Á03  0Á17  0Á02   D   min=melt  Sc   17Á65  4Á88  0Á15  0Á06  7Á87  1Á06  6Á41  0Á26  0Á17  0Á08  13Á10  2Á76  14Á54  3Á48  12Á01 2Á03 2Á71  0Á17  0Á11  0Á02  2Á47  0Á19  3Á07  0Á02  0Á17  0Á01  2Á27  0Á11  3Á18  0Á58  3Á12  0Á09   D   min=melt  Ga   0Á68  0Á01  1Á09  0Á08  0Á67  0Á06  0Á65  0Á02  1Á01  0Á16  0Á78  0Á04  0Á71  0Á09  0Á70  0Á06   D   min=melt  Rb   0Á03  0Á02  0Á02  0Á02  0Á02  0Á01  0Á04  0Á02  0Á01  0Á01  0Á01  0Á01  0Á02  0Á01  0Á02  0Á01   D   min=melt  Sr   0Á24  0Á04  3Á35  0Á23  0Á30  0Á02  0Á33  0Á00  3Á24  0Á28  0Á11  0Á01  0Á18  0Á03  0Á17  0Á02   D   min=melt  Y   4Á15  0Á73  0Á01  0Á00  1Á67  0Á11  1Á77  0Á60  0Á02  0Á02  3Á09  0Á32  4Á29  0Á48  4Á22  0Á39   D   min=melt  Zr   1Á07  0Á15  --0Á84  0Á28  1Á08  0Á14  --1Á20  0Á07  1Á35  0Á42  1Á45  0Á39   D   min=melt  Nb   0Á75  0Á26  0Á01  0Á01  0Á41  0Á17  0Á80  0Á12  0Á02  0Á01  0Á35  0Á01  0Á79  0Á22  0Á91  0Á27   D   min=melt  Mo   0Á01  0Á01  0Á00  0Á00  0Á01  0Á01  0Á02  0Á02  0Á02  0Á01  0Á01  0Á01  0Á01  0Á01  0Á01  0Á01   D   min=melt  Sn   17Á11  3Á66  0Á35  0Á27  4Á94  2Á16  1Á93  0Á81  0Á11  0Á10  3Á46  0Á91  9Á15  4Á66  6Á34  2Á63   D   min=melt  Ba   0Á09  0Á03  0Á27  0Á05  0Á14  0Á01  0Á12  0Á00  0Á33  0Á02  0Á01  0Á01  0Á05  0Á01  0Á05  0Á01   D   min=melt  Hf   1Á58  0Á23  --1Á39  0Á45  1Á05  0Á21  --1Á62  0Á08  2Á04  0Á53  1Á96  0Á44   D   min=melt  W   0Á02  0Á02  --0Á01  0Á01  0Á03  0Á01  --0Á01  0Á01  0Á02  0Á01  0Á02  0Á01   D   min=melt  Pb   0Á04  0Á02  0Á19  0Á04  0Á03  0Á02  0Á05  0Á03  0Á20  0Á03  0Á02  0Á02  0Á03  0Á01  0Á04  0Á01 (continued) 0Á14  0Á01  0Á15  0Á02  0Á24  0Á01  0Á19  0Á02  0Á20  0Á00  0Á20  0Á23  0Á20  0Á01   D   min=melt  Sc   10Á67  2Á54  11Á48  2Á56  13Á65  1Á72  9Á23  1Á59  0Á25  0Á14  19Á37  7Á06  0Á12  0Á06   D   min=melt  Ti   --------0 Á06  0Á00  -0Á07  0Á02   D   min=melt  V   10Á29  1Á44  9Á91  1Á47  8Á44  0Á21  18Á51  4Á33  --20Á93  11Á36  --D   min=melt  Mn   3Á73  0Á36  3Á43  0Á40  4Á58  0Á45  4Á50  0Á62  0Á06  0Á01  5Á54  3Á44  0Á04  0Á00   D   min=melt  Ni   109Á49  85Á52  113Á55  66Á94  52Á73  41Á52  101Á02  62Á16  --114Á29  32Á57  --D   min=melt  Cu   0Á05  0Á00  0Á05  0Á01  0Á05  0Á01  0Á08  0Á03  0Á08  0Á01  0Á10  0Á08  0Á09 (amph, amphibole; cpx, clinopyroxene; plag, plagioclase). (Table 5 ). There is an order of magnitude discrepancy between the data for Mo, W and Pb, however, with Nandedkar et al. (2016) reporting values of 0Á147 to 0Á549 for these elements across both experiments, whereas our data shows D amph/melt coefficients of <0.05 for these three elements. Our Ba data are within one order of magnitude of the Nandedkar et al. (2016) data (D amph/melt % 0Á10 6 0Á02 compared to !0Á40). Whilst the Ba, W, and Pb concentrations in our glasses were higher than those of Nandedkar et al. (2016) , given that we used a natural rhyodacite with $400 ppm Ba, and doped W and Pb to >100 ppm, it is unlikely that the moderately higher concentrations in the glass would lead to a departure from Henrian-type behaviour. Therefore, it is likely that these amphibole-melt partition coefficients are sensitive to melt compositional controls and this is responsible for the discrepancies seen between our two datasets, as discussed below.
Lithium partitioning data for amphibole in natural high-SiO 2 , $anhydrous, rhyolitic glass (!72 wt % SiO 2 ) from Brophy et al. (2011) , and from very hydrous experimental Fe-free andesitic melts at 15 kbar and 1000 C from Brenan et al. (1998) , give D
amph=melt Li values ranging from 0Á16 6 0Á03 (andesitic melt) to 0Á73 6 0Á14 (rhyolitic melt). Our Li partitioning data lie between these two end-members, given the strongly different melt compositions. Tin partitioning data between amphibole and melt are scarce, but a recent summary by Hu et al. (2016 and references therein) report D amph=melt Sn values between 0Á57 (for peralkaline rhyolitic melt) and 5Á18 (for metaluminous andesitic melt). In general, Sn shows strongly compatible behaviour in our amphibole-rhyodacite system, with an average D amph=melt Sn of $10. The behaviour of Sn can be complicated by its potential to alloy with the capsule material however (Bhalla et al., 2005) , as mentioned previously. Liu et al. (2015) and Hsu et al. (2017) reviewed previous mineral-melt Cu partitioning data from experimental and natural amphibole samples, and highlighted the contradictory nature of previous studies, in which reported D amph=melt Cu values range from <0Á2 to >2Á0. These authors present experimental data for Cu partitioning into amphibole from dacitic melts, at comparable temperatures (990-740 C), higher pressures (7-10 kbars), and oxygen fugacity conditions (!FMQ). Our new data for Cu partitioning between amphibole and melt accord well with both sets of experimental data. D amph=melt Cu reaches a maximum of 0Á13 and averages 0Á07 6 0Á02 (this study), compared to a maximum of 0Á124 and average of 0Á103 6 0Á017 in Liu et al. (2015) and a maximum of <0Á155 and an average of 0Á066 6 0Á006 in Hsu et al. (2017) . Our new data, therefore, also suggest that the geologically relevant ranges in Cl and F contents added to these melts and amphibole (Cl in melt: $130 ppm -0Á72 wt %, Cl in amphibole: 100 ppm -0Á125 wt %; F in melt: 100 ppm -0Á63 wt %, F in amphibole: $800 ppm -2Á59 wt %; Iveson et al. (2017) ) have little impact on this behaviour.
Clinopyroxene
Data for clinopyroxene-melt partitioning are also relatively abundant, but predominantly for basaltic systems. However, an experimental study by Huang et al. (2006) and natural data from Severs et al. (2009, and references therein) present clinopyroxene-silicic melt trace-element partitioning data. The experiments of (The Ewart and Griffin (1994) data are compiled from the dacite, low silica rhyolite, rhyolite, and high silica rhyolite analyses). Huang et al. (2006) were conducted at 11 kbar, $1150 C, under reducing conditions given the use of graphite capsules and their residual dacitic glasses were significantly more alkali-rich than our experimental glasses. The clinopyroxene from our experiments are also significantly more Ti-rich than the ones of Huang et al. (2006) , and our melts more hydrous. Despite these differences, Huang et al. (2006) of $0Á18 6 0Á03. Our Li partitioning data agree well with these experimental data, whilst our Sr partition coefficient is similar but roughly half (0Á11 6 0Á02) (Table 5) . However, our Zr coefficient is roughly an order of magnitude higher (0Á88 6 0Á27), and Zr shows compatible behaviour in several of our experimental clinopyroxenes. Similarly, our experiments show greater Sc, V, Mn and Y partitioning in favour of clinopyroxene, when compared to the results of Severs et al. (2009) , although still within the same order of magnitude. Our Zr and Hf data are again an order of magnitude greater, however, but Ba and Pb show good accordance at strongly incompatible values ( 0Á05). To our knowledge, there is little data regarding the behaviour of Mo, Sn, and W in clinopyroxene and silicic melts, but our results suggest that Mo and W are strongly incompatible at these conditions, whereas Sn may show strong compatibility, similar to amphibole. Copper partitioning data for clinopyroxene in our experiments display a maximum of D cpx=melt Cu ¼ 0Á22 and average 0Á11 6 0Á04, compared to a maximum of 0Á449 and an average of 0Á299 6 0Á118 from the Liu et al. (2015) data. The excellent agreement between the three sets of mineral-melt Cu partitioning data confirm that crystallisation of these common mineral phases will be an efficient mechanism for the enrichment of Cu in sulfide-free and hydrous rhyodacitic melts.
Plagioclase
Plagioclase partitioning data are common and have been the subject of several reviews (e.g. Bé dard, 2006; Dohmen & Blundy, 2014 , and references therein). In the same study, Brophy et al. (2011) values close to but slightly lower than ours (0Á157 6 0Á.004), compared to 0Á23 6 0Á02 in our study. They also find natural Sr compatibility over an order of magnitude greater (42 6 17) than within our experimental plagioclase (3Á31 6 0Á30). The data from Severs et al. (2009) are very similar for almost all trace elements, including Ti, Mn, Y, Nb, Ba, although the Sr and Pb values obtained in our experiments are marginally higher (3Á31 6 0Á30 and 0Á18 6 0Á06, compared to 2Á422 6 0Á258 and 0Á134 6 0Á28, respectively) ( Liu et al. (2015) dacite experiments gives a value of 0Á115 6 0Á027, and our plagioclase data are again consistent with this, reaching a maximum of D plag=melt Cu ¼ 0Á11, with an average of 0Á08 6 0Á01.
Control of melt structure and halogens vs crystal chemistry on trace element partitioning
The variations in D mineral/melt values for the trace elements in the three crystalline phases and melts studied in our experiments appear to be unaffected by the relatively narrow range in temperature and pressure conditions investigated. We deliberately did not employ large temperature and pressure changes, in order to maintain a stable amphibole þ plagioclase 6 clinopyroxene liquidus assemblage, with relatively constant phenocryst stoichiometry which could be subtly varied through changes in experimental ƒO 2 and addition of halogens to the amphibole. However, it should be noted that with extrapolation beyond these conditions, one would expect to see changes in trace element partition coefficients associated with changes in the major element chemistry of the phenocryst phases. The same relative invariance with changing temperature and pressure was shown to be true for the partitioning of minor elements and halogens in these experiments (Iveson et al., 2017) .
Melt structure is known to be a primary controlling factor on element partitioning between melt and other phases, and has been documented across a range of magma chemistries and phenocryst phases (e.g. Gaetani, 2004; Olin & Wolff, 2012) . More strongly polymerised melts with excess network-forming alumina over network-modifying alkalis (where melt alumina saturation index [ASI] is >1) show increased D mineral/melt coefficients, relative to melts with ASI <1. This behaviour is due to the low solubilities of highly charged cations in the melts, i.e. rare earth and high field strength elements that are unable to be accommodated in tetrahedral coordination with oxygen, and hence show more favourable incorporation into crystalline phases (e.g. Mysen, 2004) . melt , where R is the gas constant and T is the experimental temperature in Kelvin. Figure 3 illustrates the increase in amphibole-melt partition coefficients for both W and Y as a result of increasing melt aluminosity, along with the daciterhyolite experimental data of Nandedkar et al. (2016) showing the same trend extending to more peraluminous melt compositions. This melt compositional dependence may help explain the aforementioned discrepancies, i.e. lower D amph/melt values for Mo, W, and Pb between our data (average D amph/melt < 0Á1 for all three elements) and that of Nandedkar et al. (2016) (D amph/melt ranging from 0Á15 to 0Á40). Potentially, the absence of any complexing ligands such as F or Cl in the synthetic Nandedkar et al. (2016) experimental glasses may increase the tendency of the melt to reject these large and highly charged cations due to their low solubility in silicic melts (e.g. Mengason et al., 2011; Sun et al., 2014) . In our experiments, Ga, Zr, Nb, and Hf all show similar increases in lnD amph/melt with an increase in melt aluminosity. Adam et al. (1993) demonstrated the importance of melt F concentrations on the behaviour of Y in particular, and showed that in F-rich systems D amph=melt Y values were up to four times lower than those measured in F-free experiments. This potential effect of complexation of metal cations with F in the melt leading to decreased D mineral/melt values is consistent with the trend seen in Fig. 3b , where our D amph=melt Y values are 1Á84 6 0Á37 in F-bearing runs compared to 4Á06 6 0Á50 measured in F-free runs.
However, apparently contrasting behaviour is seen in the case of Li partitioning in favour of amphibole grown in F-doped melts (Fig. 4a) , where an increase in melt alkalinity is reflected in higher D amph/melt values than would otherwise be predicted based on extrapolation of the trend shown by amphibole in non F-doped experiments. An alternative explanation to variations in melt chemistry accounting for this measured increase in D amph=melt Li with decreasing melt ASI (D amph=melt Li ¼ 0Á28 6 0Á04 in F-bearing runs compared to 0Á17 6 0Á02 in F-free runs), is that increased Li partitioning may be related to concurrent changes in amphibole major element compositions, which are shifted to more alkalirich (e.g. Iveson et al., 2017) or Mg-rich compositions in F-bearing runs (due to Fe-F crystallographic avoidance; Morrison, 1991 (Fig. 4b) . Hawthorne et al. (1993 Hawthorne et al. ( , 1994 suggest that the incorporation of large quantities of Li onto the octahedral site of calcic amphibole (such as these experimental ones) is unlikely due to local charge balance constraints, and, therefore, the correlation between increasing amphibole Mg, Na, and Li partitioning suggests a potential combination of the [M2, 3] 
Li exchange vectors exerts the greatest control on Li partitioning in these experimental amphiboles. Interestingly, Hawthorne et al. (2008) documented the crystal chemistry of sodic-calcic amphibole containing >1 wt % F and showed that Li was locally associated with F in the crystal structure of those amphiboles. Therefore, F appears to have an impact on both amphibole major element crystal chemistry, as well as the associated changes in trace element partition coefficients, and contrasting effects for different elements, e.g. Li vs Y. Tiepolo et al. (2007) , however, concluded that the effect of melt composition on D amph=melt Li is likely to exert a greater control than the crystal structure of calcic amphibole, and while our data suggest both Fig. 3 . Plots illustrating changes in mineral-melt partition coefficients for amphibole as a function of changing melt composition across all experimental conditions. The plots also include the relevant literature data of Nandedkar et al. (2016) . The addition of F to the melts appears to strongly decrease the partitioning of W (a) and Y (b) and Y in favour of the crystallising amphibole. Intrinsic ƒO 2 ¼ runs conducted with no H 2 added to the pressurising gas, and are at >NNO þ 1 log units, whereas low ƒO 2 ¼ <NNO þ 1 log unit. In these figures and all following figures, the colour of the point denotes the ƒO 2 conditions of the experiment (black vs white), whereas the shape of the point (circle vs square vs diamond) denotes the presence or absence of F or Cl in the experiment, unless otherwise specified in the legend.
factors may influence trace element partitioning, we suggest that further work is necessary to allow for a robust separation of these two controls. Liu et al. (2015) and Hsu et al. (2017) suggest that there is little, if any, control of melt composition, experimental temperature, pressure and ƒO 2 conditions, or changing amphibole stoichiometry, on their measured D amph=melt Cu . This indicates that Cu in amphibole may act as a conservative tracer of crystallisation and fractionation processes, across a range of pressure and temperature conditions, as concluded by Hsu et al. (2017) . Our new D amph=melt Cu values are consistent with this observation and the partitioning behaviour of Cu is apparently insensitive to changing melt composition across the experimental conditions in the three investigations (Fig. 5a) . Similarly, the addition of F and Cl to our rhyodacitic melts also seems to have no impact on the Cu crystal-melt partitioning behaviour. While our new data confirm that melt composition does not appear to strongly affect D amph=melt Cu , when all three experimental datasets are analysed together, changes in alkali partitioning seem to hold some control over Cu partitioning in favour of amphibole (Fig. 5b) . However, four of the data points of Hsu et al. (2017) do not conform to a general trend of increasing K 2 O partitioning correlated with general increases in Cu incorporation, suggesting that a complex combination of crystallographic controls and melt chemistry are responsible for the small variations seen in Cu partitioning amongst the three experimental investigations.
There is an excellent positive correlation between amphibole crystallised in lower ƒO 2 experiments (where ƒO 2 < NNO þ1), lower amphibole Mg/ (MgþFe TOT ) values and increased D amph=melt V (Fig. 6a) . Vanadium partition coefficients across our experiments range from 0Á75 6 0Á14 in the most Mg-rich amphibole (Mg ¼ 0Á82), to 26 6 1Á7 in the most Fe-rich amphibole (Mg# ¼ 0Á63). The data of Nandedkar et al. (2016) record the same overall trend but also show slightly elevated D amph=melt V at equivalent Mg values (Fig. 6a) . A recent experimental formulation (Arató & Audé tat, 2017 ) of a Vin-magnetite oxybarometer at pressure, temperature, ƒO 2 conditions similar to our experiments, and closely aligned with silicic upper crustal magmas, showed that the partitioning of V between magnetite and hydrous rhyolitic melts depends strongly on oxygen fugacity, temperature and melt composition, whereas the magnetite composition and experimental pressure had little impact on the measured coefficients. Our data for amphibole are consistent with these observations, and those of Toplis & Corgne (2002) and Mallman & O'Neill (2009) , who showed that variations in D crystal=melt V with oxygen fugacity are related to changes in V valence state, with a trend of increasing incompatibility from V 3þ to V 4þ to V 5þ . In our experiments at these ƒO 2 conditions it is likely that V is present predominantly as V 5þ (Toplis & Corgne, 2002) , although the relatively greater proportions of V 4þ in the lower ƒO 2 experiments, and the increased Fe TOT contents in amphibole from lower ƒO 2 experiments (Iveson et al., 2017) are also more favourable for greater incorporation of V (Fig. 6a) . Similarly, Arató & Audé tat (2017) reported that there was a 0Á6-0Á8 log unit increase in V partitioning in favour of magnetite as melt composition evolved from ASI ¼ 0Á74 to 1Á14. Increasing melt polymerisation in our experiments appears to have the same effect on amphibole (Fig. 6b , with the experiments of Nandedkar et al. (2016) extending this trend to higher melt ASI values). Thus, while it is difficult to fully differentiate the relative contributions of the aforementioned controls on amphibole-melt V partitioning in our experiments, we suggest that the imposed ƒO 2 plays the largest role, followed by halogen-induced major element controls (e.g. F-Cl vs Mg-Fe incorporation) and then melt composition.
The partitioning behaviours for Mn and Zn in favour of amphibole are positively correlated, which is unsurprising given their similar ionic radii, and that neither element appears sensitive to ƒO 2 or amphibole/melt halogen contents (Fig. 7a) . Although the Sn data show some scatter, there are also positive correlations between increasing D amph=melt Sn and D amph=melt TiO2 (Fig. 7b) and increasing melt aluminosity, suggesting a coupled effect of crystallographic substitution of Ti 4þ by Sn 4þ and melt composition affecting the incorporation of Sn in these amphiboles. Whilst there is some contrasting evidence, Sn solubility is generally higher in reduced melts. Linnen et al. (1995) showed cassiterite solubilities at 850 C and 2 kbar in haplogranitic melt decreased from 2Á8 wt % SnO 2 at FMQ À0Á84 to $800 ppm at FMQ þ3Á12), and in melts with elevated F concentrations and/ or those with excess alumina (e.g. Webster et al., 1996 Webster et al., , 2004 Bhalla et al., 2005, and references therein) . This increased Sn solubility in F-bearing melts appears to account for the significantly decreased D % 3Á5 in F-doped melts compared with an average of % 12 and a maximum >25, in non F-doped melts (Table 4) . Bhalla et al. (2005) also noted the importance of melt Cl as a complexing ligand controlling the melt solubility of Sn, but our data suggest little effect on the D amph=melt Sn values with up to 0Á65 wt % Cl in the melt, or 0Á125 wt % in the coexisting amphibole (Iveson et al., 2017) . Farges et al. (2006) discuss the complexity of Sn speciation in hydrous haplogranitic melts as a function of melt composition and redox conditions, where both Sn 2þ and Sn 4þ are present and exchange between different structural sites depending on melt peralkalinity and ƒO 2 . In contrast, Sn is primarily incorporated as Sn 4þ in minerals, explaining its substitution for, and correlation with, Ti 4þ in amphibole (Fig. 7b) . Despite the aforementioned issues with the Vanadium is more strongly compatible in higher Fe amphiboles crystallised under lower ƒO 2 conditions, and its amphibole-melt partition coefficient also increases as the melts become more peraluminous. Fig. 5 . A comparison of (a) melt chemistry and (b) major element controls, on the partitioning of Cu in favour of amphibole. Data are taken from this study, and the experimental data of Liu et al. (2015) and Hsu et al. (2017) . Amphibole-melt Cu partitioning seems insensitive to changing melt aluminosity across the wide range in temperature, pressure, and ƒO 2 conditions employed in the three experimental investigations (a), but shows a weak dependence on coupled partitioning with K 2 O (b).
potential for Sn to alloy with the precious metal capsule (Bhalla et al., 2005) , the generally high Sn concentrations in the amphibole (Table 3 , Appendix 3) suggest the observed compatibilities are real, but the partitioning data should be applied with caution given the low final melt concentrations as a result of Sn loss to the capsule and hence larger errors.
Clinopyroxene
Work by Francis & Minarik (2008) showed that the partitioning of trace elements between melt and clinopyroxene for high-Mg ankaramite melt compositions is particularly sensitive to the amount of tetrahedrally coordinated Al (
[4] Al) in the pyroxene structure. The authors found that amongst other elements, Zr displayed a positive correlation with increasing [4] Al, and our data also suggest that Ga follows the same trend ( Fig. 8a) is also well developed in our clinopyroxene (Fig. 8b) , with the clinopyroxene crystallised at ƒO 2 > NNO þ1 showing D cpx=melt V values at least three times lower than those crystallised at ƒO 2 < NNO þ1. The same trend in V partitioning has been observed in clinopyroxene from experiments conducted in the context of upper mantle melting (1-3 GPa, 1315-1450 C and FMQ -13.3 to þ11.4 by Mallmann & O'Neill (2009) . In comparison though, our V partition coefficients are generally more than an order of magnitude greater, suggesting that pressure and melt composition differences between felsic melts at shallow crustal conditions and mafic melts at upper mantle conditions, lead to reduced V solubility in the melt, and enhanced crystal partitioning. Melt composition appears to have little impact on the other investigated trace elements, however. This suggests that clinopyroxene major element stoichiometry exerts the primary control on trace element incorporation. Consistent with this, and unlike amphibole, Liu et al. (2015) reported that there is an apparent dependence of D cpx=melt Cu on increasing Na pfu content, as well as an effect of decreasing temperature. When integrated with our data (Fig. 8c) , we also see broad evidence for a crystallographic control by Na on Cu partitioning between melt and clinopyroxene. In general, the reduced compatibility of most trace elements in clinopyroxene compared to amphibole is expected, given the greater complexity of the amphibole crystallographic structure compared to clinopyroxene, and the larger diversity of lattice sites available to accommodate a range in trace element sizes and valence states.
Plagioclase
In general, the range of plagioclase compositions crystallised in these experiments is relatively restricted (An 59 -An 39 ) (Supplementary Data Appendix 5; Iveson et al., 2017) and the experimentally determined D plag/melt for all of the measured trace elements vary little (Fig. 2 , Table 4 ). Blundy & Wood (1994) , Bindeman & Davis (2000) , and Dohmen & Blundy (2014) showed that trace element partition coefficients involving plagioclase depend primarily on X An and to a lesser extent temperature, which results in the largely constant D plag/melt for all of our experimental plagioclase. Dohmen & Blundy (2014) also showed that the partition coefficients for all univalent cations are largely independent of plagioclase major element composition, across a range of An 100 -An 10 , consistent with the compilation of literature data showing D
plag=melt Li values % 0Á20 6 0Á04 (Table 5 ). There are no strong correlations between variations in melt chemistry or experimental conditions and D plag/melt , Fig. 7 . Co-variations in amphibole-melt partitioning of (a) Zn and Mn, and (b) Sn and TiO 2 . Again note the effect of F on amphibolemelt TiO 2 partitioning, and the subsequent changes to Sn incorporation, likely indicating a substitution controlled mechanism for Sn. again suggesting that plagioclase crystal chemistry exerts the dominant control on trace element incorporation. This can be seen in the partitioning of Mn, in particular, which is generally correlated with increasing FeO partitioning (Fig. 8d) , suggesting a substitutioncontrolled mechanism for Mn incorporation, especially in plagioclase crystallised at log ƒO 2 < NNO -1.
In summary, comparisons with pre-existing datasets presented in this section show that both melt and crystal chemistry strongly affect the incorporation of trace elements into experimental amphibole, with both of these controls also inherently linked. However, for Cu these two factors appear to weakly (if at all) impact partitioning, and thus other mechanisms must also be operating. Several other specific trace element examples presented here (e.g. those in Fig. 3 ) illustrate the importance of routinely constraining melt and amphibole halogen contents, and particularly so in natural samples where partition coefficients are derived from analyses of mineral-melt inclusion or mineral-glass pairs. Contrastingly, for clinopyroxene and plagioclase, trace element substitutions are more sensitive to changes in major element composition and melt composition appears to have less of an impact. Therefore, the relatively restricted ranges in the phenocryst chemistries are reflected in the restricted ranges in measured trace element partition coefficients. Based on our new data, we, therefore, recommend that care be taken when selecting a specific partition coefficient for a particular mineral phase, in order to model fractional crystallisation of natural magmas. By extension, given the importance of F and Cl in controlling amphibole major element stoichiometry, it is also reasonable to suggest that similar influences on trace element incorporation may exist for other complex halogen-bearing minerals, such as mica and tourmaline (e.g. Henry & Dutrow, 2011) .
Implications for mineral-melt-fluid interactions and economic mineralisation
In the majority of natural volcanic systems in arc settings (6 their associated plutons), there are likely to be complex mineral-melt-fluid(s) partitioning and exchange relationships for economically important trace elements, that evolve with decompression, cooling, and volatile phase exsolution and unmixing. In our experiments, the trace element compositions of the coexisting fluid phases were not directly measured. In simplified terms, in order for Cl-and S-bearing volatile phases to efficiently scavenge and transport economic metals, such as Zn, Cu and Mo to shallower depths and generate hydrothermal ore deposits (e.g. Hedenquist & Lowenstern, 1994; Williams-Jones & Heinrich, 2005; Zajacz et al., 2008 Zajacz et al., , 2011 these metals must remain available in the melt. However, such chalcophile metals can also be sequestered into an immiscible sulfide phase that may or may not be subsequently redissolved and the metals re-mobilised by hydrothermal fluids due to the strong compatibility of S in the volatile phase (e.g. Larocque et al., 2000; Stavast et al., 2006; Nadeau et al., 2010; Audé tat & Simon, 2012; Wilkinson, 2013) . Recent work by Park et al. (2015) investigated the role of 'early' vs 'late' sulfide saturation, relative to volatile exsolution and the generation of Cu-and Au-rich magmas. The authors found that Cu and Au concentrations increased with fractional crystallisation from basaltic to dacitic melts (consistent with the experimental data demonstrating the incompatibility of Cu in silicate minerals discussed in the previous sections), and that late sulfide saturation resulted in magmas enriched in Cu and Au concurrent with volatile exsolution, leading to the formation of Cu-and Au-rich native sulfur mineralisation (Park et al., 2015) . Whilst an in-depth treatment of the interaction between immiscible magmatic sulfide phases and subsequently exsolved fluids (and whether this process is indeed a pre-requisite for hydrothermal porphyry-style mineralisation) is beyond the scope of this discussion, our experimental data show that in a sulfide-free crystallising assemblage of amphibole þ plagioclase 6 clinopyroxene, bulk D mineral=melt metal values for the majority of economically important trace elements will be significantly below unity. Lithium, Cu, Mo, W, and Pb should, therefore, be variably enriched during fractional crystallisation of metaluminous intermediate to evolved hydrous rhyodacitic melts, which may also contain high concentrations of Cl, assuming these metals are not also continually lost to a fluid phase. Other such F-, Cl-, Li-6 W-bearing hydrothermal fluids are documented to have been mobilised from lithophile element-enriched granites at the most extreme end of magma differentiation (e.g. Webster et al., 2004) . Johnson et al. (2013) also discussed an example of a fluid-mediated process responsible for trace element behaviour in hydrous rhyolites of the Taupo Volcanic Zone. Those authors concluded that elevated concentrations of trace elements including Zn, Cu, Mo and Pb in amphibole, plagioclase, and other phenocryst phases, resulted from a relative lack of metal volatility, i.e. decreased partitioning affinity into coexisting fluid phases, as a result of unfavourable fluid compositions, with rapid ascent from depth.
Other elements such as Sc, V, Mn, Ni, Zn, and Sn, however, show moderate to strong compatibility in the mafic phases investigated here, with V especially so at lower fO 2 conditions, and thus their enrichment will be supressed by extensive fractionation of these minerals. Similarly, crystals forming in strongly peraluminous and thus polymerised melts that also lack complexing ligands, such as Cl and F, will likely show increased D mineral/melt values due to lower solubilities of trace elements in these melt compositions (e.g. comparison of our data with that of Nandedkar et al. (2016) ). The addition of F to the melt appears to have contrasting effects. Fluorine has the potential to decrease D mineral/melt values through complexation with some metals in the melt (e.g. Y, Fig. 3b ), but D amph/melt values for other trace elements may also be increased by addition of F, indirectly through the effect this has on major element stoichiometry (e.g. Li, Fig. 4a and b) . Further work is required to separate the effects of F complexation vs melt aluminosity, however, as our data do not allow this distinction to be made.
Unlike the majority of other trace elements investigated here, the compilation of recent experimental data for D mineral=melt Cu in amphibole, plagioclase, and clinopyroxene from andesitic-dacitic-rhyolitic magma chemistries show its insensitivity to temperature, pressure, fO 2 , and melt composition (Fig. 5a) . Similarly, the Cu mineral-melt partition coefficient for amphibole also apparently shows little variability as a function of crystal chemistry (Hsu et al., 2017 ; this study; Fig. 5b ), but the total amount of Na in clinopyroxene does appear to hold some control over Cu partitioning in favour of this phase (Fig. 8c) . Thus, in hydrous evolved magmas thought to supply heat, fluids, and metals to genetically associated hydrothermal ore deposits, the crystal-melt partitioning behaviour of Cu appears to remain constant over much of the evolution of the melt and, in the absence of a sulfide phase, Cu will remain available in the melt to readily partition into an exsolving volatile phase (e.g. Richards, 2011; Zajacz et al., 2011; Migdisov et al., 2014) .
While our experiments were conducted at relatively oxidising conditions, previous work has documented the importance of reducing conditions on the formation of Sn-and W-mineralised granitic deposits (e.g. Heinrich, 1990; Cern y et al., 2005) . Previous results have also discussed the importance of changing oxidation state on the behaviour of Cu, Ag, Au, and in particular the effect that magnetite has on sulfide saturation (Jenner et al., 2010) . Bell & Webster (2015) and Iveson et al. (2017) discuss the effect that Cl has on suppression of magnetite crystallisation in hydrous rhyodacitic melts; Cl is both a vital ligand for transport of trace and ore metals (Heinrich, 2007 , and references therein) and could also play a role in affecting mineralogical phase relationships. In fact, Liu et al. (2015) report D magnetite=melt Cu values >1 in Fe 3þ -rich magnetite, again demonstrating the importance of fO 2 conditions on phenocryst composition, coupled with changes in trace element incorporation. Suppression or promotion of phase stability will, therefore, have a dramatic influence on the bulk partitioning behaviour of trace elements that show correlations with major components, such as V and Mn with Fe/Mg.
CONCLUSIONS
Twenty-four mineral-melt partitioning experiments were conducted to determine trace element behaviour in amphibole, plagioclase, clinopyroxene in equilibrium with hydrous rhyodacitic melts. Overall, no trace elements show a strong partitioning dependence on the restricted range in temperature and pressure conditions of this study. However, ƒO 2 variability does affect the phenocryst chemistry, which in turn leads to, for example, changes to V partitioning into amphibole and clinopyroxene. Furthermore, whilst the experimental amphibole and clinopyroxene readily show compatibility for a broader array of trace elements (e.g. Sc, Mn, Zn, Y), only two of the investigated trace elements are seen to have compatible behaviour, i.e. D mineral/melt >1, in favour of the experimental plagioclase (Ga and Sr).
Trace element partitioning between rhyodacitic melt and amphibole shows the greatest sensitivity to changes in melt structure, specifically the alumina to alkali ratio and in particular the addition of F. The potential complexation of metals with F in the melt (e.g. Y and Sn) leads to lower measured D amph/melt values, whereas more Mg-and alkali-rich amphiboles crystallised from higher F melts show increased D amph/melt values for Li. Comparison of our new data with similar experimental partitioning investigations (e.g. Nandedkar et al., 2016) suggests that discrepancies between different datasets may be attributable to subtle differences in melt chemistries, and variable pressures, although the overall trends remain consistent between the experimental studies. In general, our new experimentally determined trace element partition coefficients overlap with previously published values from both experiments and natural samples, but our new data for Mo, Sn and also W suggests further work is still required to determine the relative importance of crystallographic vs melt compositional constraints.
The new Cu partitioning data from our study confirm its strong incompatibility in all three minerals investigated, and its similarity in partitioning behaviour to Li, with both elements moderately-strongly incompatible in amphibole, plagioclase, and clinopyroxene. Further data may be required to constrain the largest control on the crystal-melt partitioning of Cu, given that Cu partitioning demonstrates relative insensitivity to melt chemistry and contrasting evidence for crystal stoichiometric controls. Other economically important elements such as Mo, W, and Pb also show strongly incompatible behaviour between these minerals and hydrous melts, and hence will be efficiently concentrated by extensive fractionation at shallow depths in subvolcanic and, or, plutonic environments, assuming they are not continually sequestered by immiscible sulfides and, or, exsolved volatile phases. The availability of such economic metals in a melt prior to volatile saturation is a key process leading to the formation of magmatichydrothermal, porphyry-style mineralisation associated with arc magmatism.
We recommend that the modelling of fractional crystallisation in evolved igneous systems should always consider the importance of melt halogen contents, and the effect that F in particular can have on amphibole stoichiometry and associated changes in trace element partition coefficients. Comparison of our data to similar literature studies shows that whilst the overall trends in trace element partitioning behaviour may be consistent, discrepancies in the absolute values are attributable to subtle differences in melt chemistry.
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